ABSTRACT: Nanoscale Fe-Mn binary oxides loaded on zeolite (NIMZ) is synthesized and characterized. The as-synthesized adsorbent is amorphous with 126 m 2 /g surface area; it is effective for the adsorption of both As(III) and As(V) in synthetic groundwater. It has high adsorption capacities of 296.23 and 201.10 mg/g for As(III) and As(V), respectively. For the adsorption of 2 mg/L arsenic, the aqueous concentration quickly decreases to less than 10 lg/L within 30 min. During the adsorption of As(III), the in-aqueous measurement of As(V) shows a low concentration in the initial stage and disappears afterward. The fraction of As(V) on NIMZ gradually increases with time, proving the oxidation of As(III). The adsorption of As(III) and As(V) decreases with increasing pH. The anions of SiO significantly compete with arsenic for the adsorption sites. The innersphere surface complexes are formed by As(III) or As(V) with the hydroxyl groups on the surface of NIMZ. Water Environ. Res., 86, 147 (2014).
Introduction
Arsenic is ubiquitous in nature and arsenic contamination of groundwater, which is a major challenge for maintaining a safe water supply in many countries (Fendorf et al., 2010) . The most frequently detected As compounds in groundwater are oxyanions of trivalent arsenite [As(III)] or pentavalent arsenate [As(V)], and the uncharged arsenite H 3 AsO 0 3 predominate under reducing conditions below pH 9.2 (Smedley and Kinniburgh, 2002) . As(III) is about 60 times more toxic than As(V). Inorganic arsenic compounds are about 100 times more toxic than organic arsenic compounds (Jain and Ali, 2000) . Therefore, from a practical perspective, the primary means of treating arsenic in contaminated groundwater is to remove the inorganic As(V) and, especially, As(III).
Among the optional physical, chemical, and biological technologies for arsenic removal, adsorption is one of the most promising processes because of its cost effectiveness (Mohan and Pittman, 2007) . Iron oxides (hydroxide) have been used to adsorb arsenic from water because of their high affinity to arsenic (Chang et al., 2012; Jovanovic et al. 2011; Kanel et al., 2005) . The adsorption of As(III) by iron oxides is less significant than that of As(V) (Simeonidis et al., 2011) . Therefore, oxidation of As(III) to As(V) is proposed as an effective option to increase the adsorption capacity and to decrease the environmental risk (Zhang et al., 2007) . Manning et al. (2002) studied As(III) oxidation and As(V) adsorption reactions on synthetic birnessite. Moreover, a novel Fe-Mn binary oxides preparation was synthesized by Zhang et al. (2007) . However, the prepared FeMn oxides are 26-lm particles, having long adsorption equilibrium time and limited adsorption capacity (Zhang et al., 2007) .
Nano materials have shown great potentials in a wide range of environmental applications because of the extremely small particle size, large surface area, and high reactivity (Masciangioli and Zhang, 2003) . It can be hypothesized therefore that decreasing the particle size of the Fe-Mn oxides from microscale to nanoscale can improve the oxidation and adsorption of arsenic in groundwater. The reactivity of nano materials is challenged by the agglomeration effect, which decreases the effective reactive surface area. As an optional solution, the nano particles can be supported on porous materials (Park et al., 2009) . Zeolite is an easily available, inexpensive mineral. It has wide applications in water treatment as adsorbents for its unique porous properties (Jiang et al., 2011) . As a result, it is rational to support nano Fe-Mn binary oxides on zeolite to achieve an effective oxidation and adsorption of As(III) in groundwater.
In the present work, a new adsorbent, nano Fe-Mn binary oxides loaded on zeolite (NIMZ) is synthesized and characterized, and the adsorption of As(III) and As(V) on the assynthesized NIMZ is investigated. The main objectives are to 1) evaluate the efficiency of NIMZ for the adsorption of As(III) and As(V) in groundwater; 2) investigate the influence of groundwater pH and competing anions on the adsorption; and 3) elucidate the mechanisms of As(III) and As(V) removal by NIMZ from the groundwater.
Methodology
Chemicals. As(III) stock solution (1 g/L) was prepared by dissolving As 2 O 3 (Sigma-Aldrich, St. Louis, MO) in sodium hydroxide solution, pH was adjusted to 7.0. As(V) stock solution (1 g/L) was prepared by dissolving Na 2 HAsO 4 Á7H 2 O (SigmaAldrich, St. Louis, MO) in ultra-pure water at a pH of 7.0. Arsenic working solutions were freshly prepared by diluting arsenic stock solutions. Other reagents of analytical grade were purchased from Shanghai General Reagent Factory (Shanghai, China). Silica-based strong anion-exchange column (40-lm particle size, 60-Å pore size, and 500 mg adsorbent) from Supelco (Bellefonte, Delaware) was pretreated with 50% methanol and ultra-pure water before use.
NIMZ Preparation. The Nanoscale Fe-Mn binary oxides loaded on zeolite (NIMZ) adsorbent was prepared according to the following procedure: 12.51 g FeSO 4 Á7H 2 O and 2.37 g KMnO 4 were dissolved in 200 mL of fresh ultra-pure water, respectively. Added into the KMnO 4 solution was 10 g synthetic zeolite purchased from Shanghai General Reagent Factory (Shanghai, China). The FeSO 4 solution was sprayed into the vigorous magnetic-stirring KMnO 4 solution, keeping the droplet as small as possible to ensure adequate reaction in solution. The reaction was as follows (Zhang et al., 2007) :
The 5 M NaOH solution was simultaneously added to adjust the solution pH in the range of 7.0 and 8.0. The suspension was continuously stirred for 1 h, aged at room temperature for 12 h and then washed with fresh ultra-pure water for several times to neutral. The suspension was filtrated and dried at 105 8C for 4 h, and calcined at 600 8C for 6 h. The dried adsorbent was crushed and stored in a desiccator for use. Adsorbent Characterization. The specific surface area and pore-size distribution were measured by nitrogen adsorption using the Brunauer-Emmett-Teller method on an ASAP 2020M surface area analyzer (Micrometrics Instrument Corporation, Norcross, Georgia). The particle images were visualized with a scanning electron microscopy (FEI Quanta 200, Eindhoven, The Netherlands) and the element contents were analyzed with an energy dispersive X-ray. The particle size and morphology images were determined by a transmission electron microscopy (Philips CM12/STEM, Eindhoven, The Netherlands). X-ray diffraction patterns were obtained on a Bruker D8 Advance (Karlsruhe, Germany) with CuK radiation. Fourier transform infrared spectroscopy (FTIR) spectra of the adsorbent were recorded with a Thermo Fisher Nicolet 6700 (Madison, Wisconsin) FTIR spectrometer. The spectra were collected in a transmission mode at a resolution of 4 cm
À1
, and 100 scans were recorded in 400 to 4000 cm À1 to ensure a good signal to noise ratio. X-ray photoelectron spectroscopy (XPS) analysis was performed on a Thermo Electron VG Multilab 2000 (Newport, Massachusetts). The XPS Al Kc source operating at 300 W provided monochromatic radiation (at 25 eV) and low-energy electron flooding for charge compensation. Data fitting was carried out using a nonlinear least-squares fitting program of XPS peak 4.1.
Adsorption Experiments. The synthesized groundwater was composed of 5 mM NaCl, 1 mM Na 2 SO 4 , and 0.8 mM CaCl 2 . Adsorption experiments were carried out by contacting arsenic solution with NIMZ suspensions in a batch reactor at 25 8C. Briefly, 0.1 mL of 1 g/L arsenic stock solution was added to 50 mL of NIMZ suspension attaining the initial arsenic concentration of 2 mg/L. The vessels were shaken in dark to avoid possible photochemical effects on the oxidation of As(III). Each experiment was carried out in triplicate. Samples were taken out from the suspensions at 5, 10, 15, 30, 45, 60, 120 , and 180 min, respectively. One part of suspension samples was filtered through a 0.45-lm membrane filter; another part of the suspension was dissolved in 6 M HCl solution to determine the amount of adsorbed arsenic on the solid phase. In-solution As(III) and As(V) were separated by the anion-exchange column for analysis, according to the method proposed by Le et al. (2000) . Total arsenic concentrations were determined using an inductively coupled plasma atomic emission spectroscopy (ICAP 6300, Thermo Fisher Scientific, Waltham, Massachusetts). As(III) analysis was performed using hydride generation-atomic fluorescence spectroscopy (AFS-930, Jitian Corporation, Beijing, China). All samples were analyzed within 24 h. As(V) concentrations were calculated from the differences between the total arsenic and As(III). The effects of pH and anions on the removal of As(III) and As(V) were determined by varying the solution pH and compositions, respectively.
Results and Discussion
Characterization of NIMZ. The Brunauer-Emmett-Teller surface area, average pore size, and total pore volume of the as-synthesized Nanoscale Fe-Mn binary oxides loaded on zeolite (NIMZ) were measured to be 126 m 2 /g, 135.7Å, and 0.31cm 3 /g, respectively, suggesting a highly porous structure of the new adsorbent. The X-ray diffraction pattern of NIMZ shows no significant crystalline peaks, indicating that NIMZ exist mainly in amorphous form, which may be responsible for the high surface area. The transmission electron microscopy micrograph of NIMZ ( Figure 1a ) demonstrates that the nano Fe-Mn binary oxides, at the size of 10 nm to 20 nm, were loaded on the surface and in the pores of zeolite. The nanoparticles of Fe-Mn oxides in NIMZ are uniformly distributed (Figure 1b ). The energy dispersive X-ray spot analysis for the loaded nanoparticles reveals the Fe/Mn molar ratio at about 3 ( Figure 1c) .
As(III) Adsorption and Oxidation on NIMZ. To investigate the adsorption and oxidation of As(III) on NIMZ, the variation of As(III) and As(V) in the aqueous and solid phases were determined (Figure 2a ). The concentrations of As(III) in the aqueous phase decreased from 2 mg/L to less than 0.01 mg/L (the World Health Organization guideline value for As in drinking water) within 15 min, proving an efficient removal of As(III) from the groundwater by the as-synthesized NIMZ. The concentration of As(V) produced in the aqueous solution increased to 0.028 mg/L at 5 min, and then decreased to less than 0.01 mg/L after 30 min. After 3 h, concentrations of both As(III) and As(V) in the aqueous phase were less than 0.01 mg/ L. The production of As(V) in the solution suggests the oxidation of adsorbed As(III) to As(V) by MnO 2 in NIMZ. The reduction of MnO 2 produced soluble Mn 2þ , leading to the dissolution of MnO 2 nanoparticles supported on zeolite. As a consequence, the oxidation product, As(V), was detached into the solution. Nonetheless, the high adsorption affinity of Feoxides nanoparticles in NIMZ to arsenic, especially As(V), resulted in the subsequent removal.
The concentration of As(III) adsorbed in the solid phase peaked within the initial 10 min and decreased afterwards. Correspondingly, the concentration of As(V) increased in the whole course of adsorption. At 3 h, As(III) adsorbed on the solid phase declined to about 62.5% of the total arsenic, whereas As(V) on the solid phase achieved to 37.5% of the total arsenic. The gradual transformation of As(III) to As(V) indicates that the adsorbed As(III) can be oxidized to As(V) by NIMZ. The appearance of extremely low concentration of As(V) in the aqueous phase proves that the As(V) produced from As(III) oxidation on NIMZ surface can be quickly adsorbed by the coexisting Fe-oxides. Thus, the mechanism of As(III) removal by NIMZ can be preliminarily proposed as the adsorption of As(III) by the Fe-oxides on NIMZ surface, the oxidation of adsorbed As(III) to As(V) by the Mn-oxides on NIMZ surface, and finally the adsorption of As(V) by the Fe-oxides on NIMZ surface. A certain fraction of As(V) can be released to the solution because of the reductive dissolution of Mn-oxides accompanied with As(III) oxidation.
Kinetics of Arsenic Adsorption by the NIMZ. Kinetic analysis of the adsorption of As(III) and As(V) on NIMZ proves that the adsorption can be satisfactorily fitted by the pseudo-secondorder kinetics, which is expressed, per Ho and McKay (1999) , as 
Integrating eq 2 with respect to the boundary conditions of q ¼ 0 at t ¼ 0 and q ¼ q e at t ¼ t, results in the following:
where k 2 (g/mgÁh) is the rate constant of the second-order adsorption. The linear plot of t/q t versus t gave 1/q e as the slope and 1/k 2 Áq e 2 as the intercept. The correlation coefficients for all the adsorptions are close to 1 (Figure 2b ), indicating the applicability of the pseudo-second-order kinetic model. It is noted that more As(III) than As(V) was removed by NIMZ, and the rates of As(III) adsorption were higher than those of As(V). Herein the preferential adsorption of As(III) can be explained by the oxidation of adsorbed As(III) to As(V) and the exposure of more adsorption sites by the reductive dissolution of Mnoxides in NIMZ (Zhang et al., 2007) .
Adsorption Isotherms. The adsorption isotherms of As(III) and As(V) on NIMZ were obtained at pH 7.0 by varying the initial concentrations (Figure 3 ). Both Langmuir and Freundlich models were used to describe the adsorption isotherms. The Langmuir (1916) 
equation is given by
where q e is the amount of arsenic adsorbed onto the solid phase (mg/g), C e is the equilibrium arsenic concentration in the aqueous phase (mg/L), K L is the equilibrium adsorption constant related to the affinity of binding sites (L/mg), and q max is the maximum adsorption amount of the arsenic. The Freundlich equation (Tanboonchuy et al., 2012 ) is presented as
where K F is an indicator of the adsorption capacity, and n is the heterogeneity factor. Both Langmuir and Freundlich models were well fitted to describe the adsorption of As(V) (R 2 . 0.980). Because the removal of As(III) included an oxidation process apart from adsorption, the heterogeneous Freundlich model (R 2 ¼ 0.994) fit much better than the homogeneous Langmuir model (R 2 ¼ 0.882) (Figure 3) . The adsorption capacities of NIMZ to As(III) and As(V) are calculated to be 296.23 and 201.10 mg/g, respectively. Table 1 provides a comparison of the q max obtained in this study with those reported for different adsorbents. It can be seen that the assynthesized NIMZ outperforms many other reported adsorbents in terms of arsenic adsorption. Especially, the maximal adsorption capacities of NIMZ to As(III) and As(V) are about two and three times higher, respectively, than those to the microscale Fe-Mn binary oxides (Zhang et al., 2007) .
Effect of pH on Arsenic Adsorption. The inset in Figure 4 shows that the isoelectrical point (IEP) of NIMZ decreased from 4.9 to 3.6 and 3.3 after the adsorption of As(III) and As(V), respectively. As As(III) was oxidized to As(V) on NIMZ after adsorption, the adsorption of anions made the surface of oxides negatively charged, resulting in a shift of IEP of the adsorbent (Hsia et al., 1994) .
Solution pH affects both arsenic speciation (pK a values are 9.1, 12.1, and 13.4 for H 3 AsO 3 and are 2.1, 6.8, and 11.2 for H 3 AsO 4 [Smedley and Kinniburgh, 2002] ) and surface charge of the NIMZ. When the solution pH ranges from 2.2 to 13.3, the dominant aqueous arsenite species are H 3 AsO 0 3 at pH , 9.1 and negative H 2 AsO Figure 4 shows that the adsorption amount decreased with increasing pH. When pH is lower than the IEP value of NIMZ, the electrostatic attraction between the anionic species and the positively charged surface sites is pronounced. The adsorption of weak acids by metal oxides usually reaches an asymptotic constant at the pH close to the pk a of the acid (Fendorf et al., 1997) . The significant decrease in As(III) and As(V) adsorption at pHs higher than 9.1 and 6.8 were obviously in the range of the experimental pH, which was attributable to the coulombic repulsion between dissociated arsenic species and the negative surfaces of the NIMZ (Ren et al., 2011) . The decrease of arsenic removal by NIMZ also can be caused by the formation of colloids in alkaline pH conditions. Fe-oxides are soluble to some extent in the strongly basic solutions because of their colloid characteristics. The formation of colloid particles during the dissolution of Fe-oxides in alkaline condition decreases the number of surface sites (Mamindy-Pajany et al., 2009 ), leading to arsenate adsorption decreases.
Effects of Competitive Anions on Arsenic Removal. The competition of groundwater components with arsenic species for the surface adsorption sites mainly arise from the anionic species, especially oxyanions, because of the anionic nature of inorganic arsenic in water (Su and Puls, 2001a) . Therefore, six anionic species (SO were selected to assess the effects of coexisting anions on arsenic adsorption on NIMZ. As shown in Figure 5 , the effects of the six anions on As(V) adsorption are more significant than on As(III) adsorption. The adsorption of As(III) and As(V) was both greatly inhibited by SiO À is less significant than that of SiO 2À 3 because they slightly compete for the adsorption sites (Su and Puls, 2001b) .
Adsorption Mechanism. In the Fourier transform infrared spectroscopy (FTIR) spectra, the peak at 1416 cm À1 is associated with the bending of the O-H bond. The peak at 711 cm À1 is affirmed with the Fe-O-Si band when a-FeOOH particles are incorporated with silicate (Chang et al., 2009) . The absorption at 469 cm À1 can be assigned to the formation of Fe-O-Si and Si-O-Mn bonds, suggesting the existence of chemical Figure 7-(a) X-ray photoelectron spectroscopy (XPS) Mn(2p 3/2 ) spectra of nanoscale Fe-Mn binary oxides loaded on zeolite (NIMZ) adsorbed As(III); (b) XPS Mn(2p 3/2 ) spectra of NIMZ adsorbed As(V); (c) XPS As(3d) spectra of NIMZ adsorbed As(III); (d) XPS As(3d) spectra of NIMZ adsorbed As(V).
binding between Fe-Mn binary oxides and zeolite support ( Figure 6, curve a) .
The interaction between arsenic and NIMZ was investigated by the FTIR analysis ( Figure 6 , curves b and c). The band at 1642 cm À1 was assigned to the deformation vibration of water molecules. There are three peaks at 1127, 1045, and 975 cm À1 corresponding to the bending vibration of the hydroxyl group (Fe-OH), which are responsible for the formation of innersphere surface complexes (Wang and Mulligan, 2008) . The intensity of As-O stretching vibration at 820 cm À1 for As(V)-reacted NIMZ (curve c) was stronger than that for As(III)-reacted NIMZ (curve b). The peaks at 711 cm À1 and 460 cm À1 referred to the formation of Fe-O-Si and Si-O-Mn bands (Zhang et al., 2007) .
The oxidation states of manganese and adsorbed arsenic in NIMZ were measured by X-ray photoelectron spectroscopy. Figure 7 depicts the fitted peak shapes of the Mn2p and As3d spectra for the adsorbent before and after reaction with As(III) and As(V). The binding energies of As3d core level for As(III) and As(V) in arsenic oxides are 44.3 to 44.5 eV and 45.2 to 45.6 eV, respectively, and the binding energies of Mn2p for Mn(II) and Mn(IV) are 641 eV and 643 eV, respectively (Nesbitt et al., 1998) . Table 2 gives the content of Fe, Mn, and As atom on the surface calculated from the peak fittings. It can be seen that the species of arsenic and manganese did not change after As(V) adsorption on NIMZ, whereas As(V) and Mn(II) were observed for the adsorption of As(III). This further proves the oxidation of As(III) by Mn(IV) on NIMZ surface with the production of As(V) and Mn(II).
The mechanisms of As(III) and As(V) adsorption are proposed in Figure 8 and are based on the aforementioned discussion on arsenic adsorption by NIMZ. The adsorption of As(III) and As(V) onto the surface NIMZ generally proceeds through three steps: 1) migration to the surface, 2) dissociation (or deprotonation) of complexed aqueous As(III) or As(V), and 3) surface complexation (Zhu et al., 2009) . As(III) was adsorbed onto NIMZ surface by the Fe-oxides, and then As(III) was oxidized to As(V) on the surface by the Mn-oxides. The produced As(V) was quickly adsorbed by the Fe-oxides. Because of the simultaneous reduction of solid Mn-oxides to soluble Mn 2þ , partial As(V) can be released into the solution, but this fraction can be re-adsorbed quickly by the Fe-oxides. Oxyanions of As(V) and As(III) were bound
Figure 8-Proposed mechanism of As(III) adsorption/oxidation and As(V) adsorption by NIMZ. to the Fe-oxide minerals in NIMZ by forming inner-sphere complexes (Manning et al., 2002; Wang and Mulligan, 2008) , in which the -OH groups in As(III) or As(V) exchanged with the S-OH group that was directly coordinated to structural Fe(III) (Rajapaksha et al., 2011) . The inner-sphere surface complexes of As(III) and As(V) formed on the Fe-oxide surfaces can be attributed to the monodentate mononuclear and bidentate binuclear inner-sphere complexes (Manning et al., 2002) .
Conclusions NIMZ adsorbent was prepared by improved simultaneous redox and the co-precipitation method. The adsorbent was amorphous with high surface area. NIMZ has high adsorption capacity to both As(III) and As(V), and is particularly effective for As(III) removal. SiO significantly decrease the removal of arsenic by NIMZ because of similar tetrahedral structure. The removal of As(III) by NIMZ was achieved by the adsorption on Fe-oxides followed by the oxidation by Mn-oxides. The adsorbed As(III) or As(V) formed inner-sphere surface complexes on the surface of NIMZ. The adsorption capacities of NIMZ to As(III) or As(V) in the synthetic groundwater are much higher compared with other adsorbents reported, suggesting the promising application of NIMZ for arsenic removal from contaminated groundwater.
